Hepatoblasts are bipotent progenitors of both hepatocytes and cholangiocytes. The lack of stable in vitro culture systems for such cells makes it necessary to generate liver progenitor cell lines by means of immortalization. In this study, we describe the long-term behaviour of a clone of simian foetal hepatic progenitor cells immortalized by Simian virus 40 (SV40) large T-antigen (T-Ag) flanked by loxP sites. Immortalization was associated with the reexpression of telomerase activity, which decreased at late passages (population doubling 120) after more than a year in culture. This decrease was concomitant to telomere shortening and karyotypic instability. However, the chromosomes carrying the p53 gene remained intact and long-term immortalized progenitor cells maintained contact inhibition and proliferative properties. They also displayed the features of a normal bipotent phenotype. We constructed a retroviral vector expressing an inducible Cre recombinase and transferred it into the immortalized progenitors. Activation of the Cre recombinase by 4-hydroxy-tamoxifen induced SV40 T-Ag excision, leading to the death of cells expressing Cre recombinase. Immortalized progenitors at late passages stopped growing and eventually disappeared after transplantation into the livers of immunocompromised mice. These cells provide a novel model to study hepatic differentiation and carcinogenesis.
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Introduction
Primary cultured somatic cells have a finite proliferative capacity that is limited by the number of times the cell population can double (Hayflick and Moorhead, 1961) . To overcome this limitation, there has been much effort to generate immortalized cell lines with an unlimited replicative potential. Primary murine cells can be easily immortalized, whereas primary human cells rarely undergo spontaneous immortalization, indicating that the control of the lifespan is drastically different in these two cell types (Seger et al., 2002) . This phenomenon can be partially due to telomere biology. Unlike murine cells, that are commonly used to study immortalization and transformation in vitro, human cells have short telomeres and lack detectable telomerase activity (Blasco et al., 1997; Dunham et al., 2000) . The finite lifespan of human somatic cells is attributed to a gradual loss of telomeric DNA during each cell division, which ultimately leads to growth arrest and replicative senescence. Telomeres are regions of repetitive DNA at the ends of chromosomes, which, together with specific binding proteins, act as protective cap structures (Blackburn, 1991) . Expression of specific oncogenes, such as the early region of the SV40 T-Antigen (T-Ag), encoding a viral oncoprotein, enables primary cells to bypass replicative senescence (Wright and Shay, 1992a, b) . Proliferation of large T protein-expressing human cells is limited by entrance into crisis, which corresponds to a slowing of the cellular growth and apoptosis (Lustig, 1999) . Immortalized clones can emerge at a low frequency after activation of hTERT, the catalytic subunit of the telomerase reverse transcriptase enzyme (Counter et al, 1998) or alternative mechanisms (Henson et al., 2002; Stewart et al., 2002) . Immortalization also requires additional, as yet unidentified, changes within the host cell genome (Wright and Shay, 1992a, b) .
Epithelial cells are important in vitro model systems, but many cell types of epithelial origin are difficult to expand in vitro without undergoing morphological, phenotypical and functional alterations in culture.
The SV40 large T-Ag has been shown to immortalize human diploid fibroblasts, but the immortalization process differs in human epithelial cells. In some cells, such as retinal pigment epithelial cells, expression of hTERT allows cells to bypass senescence and become immortalized in one step. The genetic requirements and/ or culture conditions for immortalization are different for other epithelial cell types . Liver epithelial cells, hepatocytes and biliary cells can proliferate in vivo in response to a regenerative stimulus. However, normal adult hepatocytes have an unusual specific pattern as they do not proliferate in standard culture conditions, and divide only a few times when appropriately stimulated. This growth arrest could be at least partly due to the cumulative amount of stress accumulated during the culture.
Attempts to immortalize primary rat hepatocytes by means of the early region of T-Ag comprising the large T and the small t genes, have led to a tumorigenic phenotype (Woodworth et al., 1988) . Hepatocytes were also immortalized by retroviral transduction with thermolabile mutants of T-Ag. The cloned immortalized cells proliferate at 331C, but not at 371C, and dedifferentiated in vitro after several passages (Kim et al., 2000) .
Human adult hepatocytes were recently immortalized by transduction of a retroviral vector that expresses a mutated form SV40 T-Ag gene. However, the consequence of long-term T-Ag expression and the genetic stability of the cells have not been studied (Kobayashi et al., 2000) .
In parallel, tumour cell lines have been derived from surgical specimens from patients with liver tumours. However, only one cell line (HepG2) has been isolated from a hepatoblastoma, an embryonal liver tumour that is the most common liver malignancy in children and is composed of epithelial and mesenchymal cells at various stages of development (Thomas et al., 2003) . Like the cell lines derived from adult tumours, HepG2 grows indefinitely in culture and is widely used. However, its genetic constitution and precise genomic alterations remain unknown. Moreover, this cell line, like others, has deregulated a number of important specific functions including several receptors and transporters (Blumrich et al., 1994) .
Early foetal hepatoblasts, found in the developing liver, are progenitors for both adult hepatocytes and bile duct cells. These epithelial cells lose their proliferative capacity after several days in classical tissue culture (Mahieu et al., 2004) . Thus, generation of liver progenitor cell lines by means of conditional immortalization is of great interest to study the molecular events involved in their proliferation and differentiation in vitro as well as their fate in vivo after transplantation in the liver of recipient mice. The lack of stable in vitro culture systems for such cells does not make it possible to investigate the events involved in hepatoblastoma tumorigenesis.
As murine models cannot be extrapolated to humans, we previously used a bank of foetal hepatic cells from a non-human primate (Macaca mulatta) and transformed these cells using a retrovirus expressing a mutated T-Ag flanked by loxP sites. We isolated a clone that initiated proliferation after a latent period of 7 months, and then grew as a continuous cell line. During early passages, up to population doubling (PD) 20, the cells were bipotent and expressed markers of hepatocytes and biliary cells. After transplantation into nude mice, T-Ag-expressing cells were not tumorigenic, integrated the hepatic parenchyma and expressed hepatocyte functions (Allain et al., 2002) . The goal of this work was to develop this model system of hepatic progenitor cell line to study further the role of T-Ag and the genetic events underlying long-term immortalization in these cells. We performed a detailed analysis of the cells at different PD 30 to 120, corresponding to over than 1 year of culture. As the expression of viral oncogenes causes genotypic and phenotypic changes in many cell types, we analysed the telomerase activity in relation to telomere length, proliferation and karyotypic stability. We also looked at the phenotypic stability of IPFLS cells. We finally constructed a retroviral vector expressing an inducible Cre fusion protein to assess the effect of T-Ag excision on IPFLS cell proliferation.
We show that telomerase activity decreases during later passages concomitantly with the shortening of telomeres and the increase in chromosomal instability. However, the bipotent phenotype of the hepatic progenitor cells was maintained, as well as their proliferation rate. The immortalized phenotype of the foetal progenitor cell line was reverted by means of an inducible Cre recombinase.
This cell line provides a valuable model for investigating the mechanisms of hepatic proliferation and for establishing a model of hepatoblast carcinogenesis.
Results

Extension of the lifespan of T-Ag-transduced hepatic progenitor cells
Previously, we documented that the retrovirus-mediated expression of T-Ag in a model of non-human primate foetal hepatic stem cells led to the isolation of one clone with an unlimited proliferation, after a 7-month period of replicative senescence (Allain et al., 2002) . This clone (IPFLS) arose at a frequency of 5 Â 10
À7
, consistent with published results (Zhu et al., 1999) for human cells.
We wanted to determine whether long-term T-Ag expression in IPFLS cells would maintain the immortalized phenotype or whether the cells would become transformed.
Expression of T-Ag did not lead to a noticeable change in morphology; IPFLS cell morphology remained similar to that observed in early passages and to that of primary foetal cells (Figure 1a) .
We examined the growth potential of the T-Agtransduced cell population at early (PD 50, that is, 200 days), intermediate (PD 90 , that is, 360 days) and late (PD 120, that is, 600 days) PDs. The cells retained an essentially constant growth rate without ceasing to divide or acquiring a senescent morphology. However, at PD 120, the doubling time slowed down to 5 days instead of 4 days.
The proliferation index was evaluated by analysis of PCNA expression as a marker of cell cycle in three different samples. Approximately 60% of the cells were cycling at the time of analysis and there was no significant difference between the different PDs as shown in Figure 1b , which is representative of the different plates counted.
In contrast to what was observed with human mammary epithelial cell lines (Toouli et al., 2002) , the medium requirements of IPFLS cells did not change at any stages. They were able to grow to a high level of confluence but kept contact inhibition, even at late passages.
The cells expressed cytokeratin 8/18, a component of intermediate filaments expressed by epithelial cells (Figure 1c ).
Telomerase activity and telomere length
Previously, we showed that primary hepatic foetal cells display telomerase activity immediately after thawing, and that this activity drops after 2 days of culture (Allain et al., 2002 ).
We used the TRAP assay to confirm that telomerase activity became undetectable after 3 days in culture, even when the primary cells were stimulated by hepatocyte growth factor (not shown). At this stage of gestation (90 days), primary foetal hepatic cells divided three or four times and could be maintained in culture for 3 weeks, suggesting that the replicative lifespan of simian foetal hepatic cells is limited by their lack of telomerase activity. However, we did not try to optimize culture conditions to increase telomerase activity. Thus, it remains possible that other media or culture conditions (such as co-culture) might allow residual telomerase activity. Unlike primary cells, IPFLS cells displayed substantial level of telomerase activity at PD 20 (Table 1) .
We found that telomerase activity was similar at early and intermediate PD, but significantly decreased at PD 120 ( Figure 2a , Table 1 ). As IPFLS cells had bypassed the M1 senescence checkpoint and had reactivated sustained telomerase activity, they had probably overcome the M2 crisis.
Telomere length rather than telomerase enzyme activity is the biochemical attribute most closely related to extension of the lifespan of the cells. Preservation of telomeric repeats requires either the telomerase enzyme or the activation of an alternative pathway (Bryan and Reddel, 1997) . To determine whether activation of telomerase in IPFLS cells is sufficient to stabilize telomere length, we measured telomere size after different passages (PD 50, 64, 90, 98 and 120) by Southern blot analysis. We found that they exhibited a stable mean terminal restriction fragment (TRF) length of 8.670.6 kb ( Figure 2b , Table 1 ). However, telomerase did not prevent IPFLS telomere shrinkage compared to normal cells, since IPFLS cells have significantly shorter mean TRF length than that of simian adult hepatocytes (SAH; mean TRF of 19.173.1 kb, calculated from three different donors). IPFLS telomere shortening was further confirmed by flow fish analysis ( Figure 2c ).
Karyotypic analysis
It has been suggested that critically shortened telomeres mediate massive genomic instability and contribute to the M2 crisis. To test whether simian TERT (sTERT) expression could prevent formation of chromosomal abnormalities, we analysed metaphase spreads in immortalized T-Agcells and control primary foetal hepatic cells.
Control cells displayed a normal karyotype with 42 chromosomes (Figure 3a ) (Dutrillaux et al., 1979) .
Cytogenetic analysis revealed some chromosomal rearrangements at PD 50. Chromosome 17 (equivalent to chromosome 17 in humans) bearing the gene coding for p53 remained intact ( Figure 3b) .
Examination of cells at intermediate passages revealed a large number of chromosomal rearrangements: 26 chromosomes out of 42 were found to be normal in diploid cells. The complexity of some rearrangements prevented us from completely interpreting chromosome imbalances. Nevertheless, recurrent losses and gains involved several chromosomes (Table 2) .
At late passages, these rearrangements were associated with polyploidization and chromosome instability characterized by chromatid exchanges forming end-toend translocations forming multicentric chromosomes (Figure 3d and data not shown).
No rearrangement of monkey chromosome 17 were observed, and FISH indicated that the p53 gene was conserved on this chromosome (Figure 3c ), in contrast to T-Ag-transformed human fibroblasts, which carry recurrent deletions of chromosome 17 p arm, where the p53 gene is mapped (Hoffschir et al., 1988) .
The chromosomal abnormalities involved an amplification of a short fragment of macaque chromosome 2 (equivalent to human chromosome 21) (Figure 3d ).
Expression of cell cycle proteins in long-term immortalized cells
The oncogenic potential of T-Ag resides in part in its ability to bind and to inactivate many of the activities of the tumour suppressors p53 and Rb (May and May, 1999; Ali and Decaprio, 2001; Pipas and Levine, 2001) , thereby preventing them from arresting cell cycle progression and/or inducing apoptosis. This increases cell proliferation and modifies apoptotic sensitivity.
IPFLS cells were analysed at intermediate and late passages for expression of both tumour suppressor gene products.
Immunocytochemistry was used to detect p53 and Rb. As expected, both proteins were detected in the nucleus, where they co-localized with T-Ag (Figure 4a ). Neither protein was detectable in the nuclei of control cells (data not shown).
P53 was detected at each PD. A few percent of cells expressed a lower amount of the protein and we evaluated that the proportion of P53-positive cells was 90% for the 3 PD, an average of three different samples (Figure 4b ).
Western Blot analysis showed that the amounts T-Ag, p53 and p21 WAF1/CIP1 levels altogether remained unchanged, although we found slight variations between the different samples from a same passage. These variations were not significant and probably inherent to the cell cultures (Figure 4c ). By contrast, SAH did not express these proteins.
As c-myc activates telomerase in normal human mammary epithelial cells (Wang et al., 1998) , we analysed c-myc levels in IPFLS cells. C-myc was detected in IPFLS cells and in the hepatoblastoma cell line HepG2. Its level remained constant over time (Figure 4c ).
Differentiation status and controlled reversion of the immortalized cells
Subsequently, we analysed the differentiation status of IPFLS cells at PD 50, 90 and 120. Previously, we demonstrated the bipotency of T-Ag-expressing cells at PD 20 and the expression of markers from hepatocytes and cholangiocytes. Cytokeratin 19, a marker of cholangiocytes, albumin and alpha-foeto-protein, markers of hepatocytes, were detected in more than 90% of the cells, and even at late passages in the different samples tested (Figure 5a and data not shown). This indicates that immortalized cells did not dedifferentiate as it often occurs with T-Ag-transformed cells. To evaluate whether the immortalized phenotype was still dependent upon the expression of T-Ag, we constructed a retroviral vector expressing a fusion protein (Cre-ER T2 ) in which the Cre recombinase is fused to the mutated ligand-binding domain of the human oestrogen receptor (Vallier et al., 2001) (Figure 5b ). Upon incubation with 4-hydroxy-tamoxifen, the fusion Cre is translocated into the nucleus and activated.
IPFLS cells were transduced with Cre-expressing recombinant retroviruses.
To evaluate the efficacy of T-Ag silencing by means of Cre/loxP recombination in IPFLS cells under 4-OH tamoxifen, we used immunocytochemistry to analyse the number of T-Ag-expressing cells before and after exposure to 4-OH tamoxifen. The recombination efficiency, as shown by T-Ag-negative/actin-positive ratios, was maximal after 6 days of treatment; cells stopped proliferating and finally died, suggesting that the cells had not become tumorigenic in vitro. The retrovirally transferred T-Ag cDNA was excised from about 50% of IPFLS cell populations (Figure 5c ). The Chromosomal studies were carried out using both R-banding and chromosome painting technics. MMA, Macaca mulatta; HSA, Homo sapiens
Reversible immortalization of hepatic progenitor cells J-P Delgado et al cells expressed the Cre recombinase in their nuclei (Figure 5d ). Cells which had excised T-Ag exhibited picnotic or fragmented nuclei, characteristics of apoptosis (Figure 5e ) (Erez et al., 2004) . No nuclear abnormalities were observed in nonexcised cells.
Removal of T-Ag from IPFLS cells was not observed in a control experiment (Figure 5f ).
Differentiation of IPFLS cells in vivo in immunocompromised mice
To assess the fate and the proliferative potential of IPFLS cells at PD 90 in vivo, we adapted a protocol (Dabeva et al., 1998) for use in immunodeficient mice (Colucci et al., 1999) . Rag2gammacÀ/À mice were treated with retrorsine (RS) according to the published protocol used for hepatocyte transplantation (Laconi et al., 2001) . RS is a naturally occurring pyrrolizidine alkaloid that causes a long-lasting block of hepatocyte cell cycle . This treatment confers a selective advantage to transplanted hepatocytes and induces significant repopulation in the rat Laconi et al., 2001) . Cells were infused via the portal vein as shown in Figure 6a .
At 2 weeks after transplantation, liver fragments were analysed by immunohistochemistry using anti-humanalbumin monoclonal antibodies (Figure 6b, upper box) .
Small clusters of IPFLS cells expressing albumin were visualized close to the portal spaces. Bipotency was also analysed on serial sections with antibodies against albumin and cytokeratin 19 (CK19). No CK19-expressing cells were visible (Figure 6b , lower boxes), suggesting that IPFLS cells differentiate into hepatocytes in vivo as in early passages.
At 5 weeks after transplantation, the clusters had not expanded further and no albumin-containing cells were visible.
No tumour formation arising from dedifferentiated cells was observed and the liver architecture was essentially normal.
Discussion
Most human cells stop dividing or become senescent after several cell divisions, and permanent lines are only Immunocytochemical detection of T-Ag in the nonreverted control cells. Actin served as a control for cell structure generated if senescence is bypassed by an oncogenic virus. It is generally believed that the hTERT gene and telomerase are usually spontaneously upregulated in the rare cells that overcome crisis and become immortal. However, this model does not apply to all cell types (Lustig, 1999) , suggesting that the mechanisms involved in immortalization differ according to the primary cell type. Human primary endometrial epithelial cells stop proliferating after 1-2 weeks in culture. Clones expressing human papillomavirus oncogenes E6/E7 overcome senescence in the absence of hTERT activity (Kyo et al., 2003) . In contrast, human airway epithelial cells become senescent despite containing detectable levels of telomerase activity, and the timing of the onset of senescence is unrelated to telomere length . It has also been reported that several cell types including human mammary epithelial cells overcome the M1 crisis and become immortalized in one step upon transfection with hTERT cDNA (Toouli et al., 2002) . However, telomerase-expressing human keratinocytes were found immortal when grown on feeder layers, but stopped dividing when shifted, transferred to a chemically defined medium on plastic dishes (Ramirez et al., 2001) , suggesting the involvement of culture environment in these mechanisms. It is also worth noting that immortalized cell lines were often analysed at PDs of 20-60.
We undertook these studies to analyse further the qualitative and temporal alterations elicited by expression of T-Ag in our T-Ag simian immortalized cell line.
It was recently reported that macaque adherent cells display a similar pattern of cellular aging than human cells (Steinert et al., 2002; Shimizu et al., 2003) .
IPFLS cells had bypassed the M1 senescence checkpoint (Allain et al., 2002) and we show that their telomerase was upregulated to a level exceeding that in a normal counterpart and this level remained stable over 90 passages. These results suggest that IPFLS cells had also bypassed the M2 crisis. However, telomerase activity subsequently decreased (PD 120), but remained detectable in correlation with a progressive slow-down of their doubling time. IPFLS had significantly shorter telomeres than their normal counterpart despite telomerase expression. A threshold level of telomerase activity is required to maintain telomeres (De Lange, 2002) . Telomere homeostasis results from a balance between lengthening and shortening activities involving hTERT and other factors including telomere-binding proteins such as TRF-1 and -2 (Hamad et al., 2002) . Thus, upregulation of TRF-1 is involved in the negative feedback mechanisms that stabilize telomere length (Steensel and de Lange, 1997; Loayza and De Lange, 2003) and therefore might contribute to telomere shortening in IPFLS cells. It has been already suggested that an unknown number of accessory factors may show significant variability in levels and efficiencies between different cell types (Ouellette et al., 2000) .
Telomere shortening ultimately leads to chromosome instability with an increased frequency of dicentric chromosomes. This is exemplified by our observation that chromosomal abnormalities, including chromosome end-to-end fusions and pronounced polyploidy, accumulate in immortalized cells with time, in correlation with telomere shortening. It has been suggested that human telomerase also has a telomere-stabilizing or capping function that protects telomeres and allows cells to proliferate (Counter et al., 1992; Zhu et al., 1999) . Thus, the stability of short telomeres has been suggested to depend on the capping function of telomerase.
Telomeres of non-human primates are significantly longer than that of human (Kakuo et al., 1999) ; this could explain why TRFs of 8 kb average length are not sufficient to protect chromosome ends in IPFLS cells. However, these cells continue to proliferate, suggesting that the proliferation and protective functions of simian telomerase are somehow uncoupled in our model.
Interestingly, chromosomal aberrations found in IPFLS cells do not necessarily involve homologous human chromosomes that have been found to be rearranged in cells immortalized by T-Ag. Indeed, in human fibroblasts, chromosome 17, which carries the p53 gene, is among the most deleted. The equivalent of chromosome 17 in simian cells seems to be normal even at late passages. This may explain why cells do not become transformed in spite of the chromosomal rearrangements.
The mechanisms that affect the ability of telomerase to stabilize telomeres may provide an additional level of control over indefinite proliferation and thus tumorigenesis. Regardless of the mechanism involved, our data are consistent with the notion that additional factors are required for hepatoblast transformation.
C-myc activates hTERT in normal and in tumour cells and can bind specifically to the hTERT promoter in vitro (Wang et al., 1998; Casillas et al., 2003) . C-myc level of expression remained constant, suggesting that telomerase regulation in this cell line does not reflect simply activation of oncogenes such as Myc, as suggested for human mammary epithelial cells (Wang et al., 1998) .
Genetic abnormalities frequently occur in T-Agtransformed cells; they are usually correlated with loss of structural and functional characteristics of the original cells (Toouli et al., 2002) . The IPFLS cells described in this report retained at least some of the capacity to express normal hepatic functions and bipotent characteristics. The extent to which the IPFLS cell line displays other hepatic characteristics of liver epithelium remains to be determined.
By directing the conditional expression of T-Ag, we have developed a model in which proliferation and death can be controlled by regulating the expression of this oncogene.
Cre was retrovirally transferred into about 60% of IPFLS cells, which precluded the isolation of a pure population of excised cells. Suppression of T-Ag expression in IPFLS cells at late passages resulted in cells that stopped growing and died within a week from apoptosis. Thus, even after chromosomal rearrangements, hepatic progenitors are able to engage the death machinery rapidly and do not escape T-Ag expression. The reversibility of immortalization upon removal of T-Ag clearly demonstrates that continued inactivation of p53 and/or Rb in cells is necessary for immortalization.
Transplanted hepatocytes can only proliferate if the necessary space in the recipient organ is provided (Grompe et al., 1999) . Therefore, we used a wellestablished model of liver repopulation to study the fate of transplanted immortalized cells at intermediate passages after transplantation into immunocompromised Rag2gammacÀ/À mice. In this background, transplanted cells should have expanded within 3-8 weeks following induction of persistent moto-inhibition of resident hepatocytes due to RS (Laconi et al., 2001) . Our data show that this is not the case. At 5 weeks after transplantation, transplanted cells disappeared. This could be due to downregulation of T-Ag expression in vivo. Indeed, the expression of T-Ag is driven by the viral LTR, and in vivo methylation of retroviral LTRs is well documented (Challita and Kohn, 1994) . If this hypothesis is correct, suppression of T-Ag expression would lead to the accumulation of a free form of p53 in cells in which a number of chromosomal alterations have occurred. This process would induce cell death by a mechanism similar to that which occurs in vitro after T-Ag excision (Leblanc and May, 2002) .
We conclude that liver simian progenitor epithelial cells require Rb/p53 inactivation and telomerase activation for immortalization. Endogenous telomerase activity was however not sufficient to prevent genetic instability which did not lead to transformation.
The failure of the immortalized clone to maintain telomere length suggests a multi-step senescence programme, which involves telomere-independent mechanisms. The M2 crisis seems to occur in two steps: proliferation due to activation of telomerase, then decreases of this activity below a threshold required to stabilize telomeres. This suggests that the genes encoding sTERT and/or other factors must be overexpressed to overcome a M3 crisis corresponding to an arrest of telomeres and shortening then eventually to transformation.
One future direction of the work will be to refine this model by introducing new genes such as the human TERT gene at early passages.
We anticipate that this approach will be useful not only to establish carcinogenesis models but also to derive long-lived human foetal cells. Their extended cellular lifespan and gene expression pattern typical of hepatic progenitor cells may make these cells a suitable replacement for established tumour cell lines in biochemical and physiological studies of growth and differentiation. This approach will also have important applications in biological research, biotechnology and medicine.
Materials and methods
Animals
Rag2gammacÀ/À mice were established in one of our laboratories (JDS) at the Institut Pasteur.
All animals were maintained on alternating 12 h light/dark cycles; food and water was available ad libitum. All animals were cared for in accordance with the criteria outlined by the European Community. ,5-triiodo-L-thyronine (Sigma, USA), 100 mg/ml ascorbic acid (Roche, Mannheim, Germany), 10 mg/ml ironpoor apo-transferrin (Sigma, USA), 2 mM L-glutamine (Eurobio, Les Ulis, France) and 100 U/ml penicillin/streptomycin (Eurobio, France).
For cell transduction, IPFLS were seeded at 10% confluence the day before the first infection (D0). The next day (D1), the cells were transduced with 1.5 ml of viral supernatant (5 Â 10 6 viral particles/ml) for 3 h at 371C with 3 mg/ml hexadimethrine bromide (Sigma, USA). The infections were repeated every 24 h for 3 days (D1-D3). On D6, the Cre-ER T2 was induced for 4 consecutive days with 2 mM 4-hydroxytamoxifen (Calbiochem, Temecula CA, USA).
Detection of telomerase activity
Telomerase activity in IPFLS cells and hepatocytes from adult monkeys was measured by using the TRAPeze ELISA Telomerase Detection Kit (Intergen, Edinburgh, UK) according to the manufacturer's instructions. TRAPeze PCR products were analysed in a 12.5% nondenaturing polyacrylamide gel and stained for 30 min with ethidium bromide (1 mg/ml).
TRF size determination
Telomere length was also assessed by Southern blot determination of the mean TRF length. After a phenol/chloroform extraction, high molecular weight genomic DNA was digested by Hinf-I (10 U). Digested DNA (3-8 mg/well) was separated by electrophoresis (50 V for 14 h) in a 0.5% and then transferred on a nylon membrane (Hybond N þ , Amersham Pharmacia Biotech) and fixed by UV. Hybridization was carried out with a 32 P-endlabelled (CCCTAA) 4 for 16 h at 421C. After washes, membranes were then exposed to Molecular Imager screens overnight and analysed by Molecular analysis 2.1 software. The method used to calculate the mean TRF length was described previously (Pommier et al., 1997) .
Flow-FISH analysis of telomere length
The lengths of telomeres on IPFLS cell chromosomes were measured by flow cytometric fluorescence in situ hybridization (Flow-FISH) as described previously (Hultdin et al., 1998; Rufer et al., 1998) . Each experiment was performed in duplicate. Briefly, cells were fixed in 70% ethanol and stored at À201C until use. IPFLS cells (7.5 Â 10 5 ) were mixed with an equal number of CEM 1301T cells. These tetraploid, lymphoblastic leukaemia T cells have extremely long telomeres (over 30 kb) and served as an internal control. Cells were washed twice in phosphate-buffered saline (PBS) and were divided into two tubes. Cells were resuspended either in hybridization buffer (70% formamide, 10 mM Tris (pH 7.2), 1% blocking reagent) containing 0.3 mg/ml telomeric FITCconjugated PNA probe (C 3 TA 2 ) 3 or in hybridization buffer without the telomeric probe (hybridization control). After DNA denaturation (10 min at 871C), hybridization took place overnight at room temperature. Cells were then washed twice with 70% formamide, 10 mM Tris (pH 7.5), 0.1% Tween-20, 0.1% bovine serum albumin (BSA), and once with 10 mM Tris (pH 7.5), 0.15 M NaCl, 0.1% Tween-20, 0.1% BSA. Cells were resuspended in PBS containing 0.1 mg/ml of propidium iodide (PI) and 10 mg/ml of RNase for 1 h at room temperature, then stored at 41C until analysis. The samples were analysed by flow cytometry using a FACS Calibur flow cytometer (Becton Dickinson, Oxford, UK) with Cell Quest software.
The telomere fluorescence signal was restricted to the mean fluorescence signal in G 0 /G 1 phase cells, identified following DNA staining with PI. This signal was corrected by subtraction of the background fluorescent signal (hybridization control without probe of the same sample). To allow comparison between samples, the final Flow-FISH value was calculated as the ratio (expressed in %) between the telomere fluorescence signal of each sample and that of the internal control (1301 cells).
Immunocytochemistry and immunohistochemistry
IPFLS cells were fixed with PBS/4% paraformaldehyde and pretreated with PBS/1% gelatine. For antigen p53 and T-Ag, cells were permeabilized with 1% Triton X-100. Cells were blocked with 1% gelatin and incubated for 1 h with goat polyclonal anti-p53 antibody (N-19; 1 : 200) For immunohistochemistry, liver samples were snap-frozen. Simian cells were detected as described previously using monoclonal anti-human proteins (Allain et al., 2002) . Briefly, several random sections were cut from each liver lobe of each animal and stained for albumin and cytokeratin 19 (CK19). Cryostat sections were fixed with methanol/acetone (1 : 1) and pretreated with PBS/1% gelatin. Cryostat sections were subsequently incubated with mouse monoclonal IgG antialbumin (CL2513A; 1 : 50, Cedarlane Laboratories, Ontario, Canada) and monoclonal mouse IgG anti-CK19 (1 : 100, Dako, Glostrup, Denmark) primary antibodies for 1 h at room temperature. Bound antibodies were revealed with a goat anti-mouse HRP-coupled antibody (1 : 50, Amersham Biosciences, LC, Buckinghamshire, UK). For double labelling of ALB and CK19, IPFLS cells were incubated for 1 h with mouse anti-CK19 (DAKO) following 1 h with goat anti-mouse labelled with Cy 3 (Amersham) and 1 h with FITC-conjugated mouse anti-ALB. Nuclei were counterstained with hematoxylin.
For PCNA, cells were fixed in ethanol 70% and the protein was visualized using biotinylated anti-PCNA staining kit (Zymed Laboratories Inc, Germany).
Western blot analysis
IPFLS cells were lysed in protease inhibitor cocktail (Sigma, St Louis, MO, USA) containing 1 mM NaF, 0.1 mM sodium orthovanadate and 10 mM beta-glycerophosphate and sonicated for 3 s. Samples were denaturated in reducing conditions and subjected to polyacrylamide gel electrophoresis. Membranes were probed with goat polyclonal IgG anti-p21 (C- 
Cytogenetic analysis
For chromosome studies, exponential-phase normal fibroblasts and immortalized cells from Macaca mulatta were subjected to hypotonic shock, fixed and spread on slides as previously reported (Dutrillaux and Couturier, 1981) . Slides were frozen 24 h later and kept at À201C until treatment for Rbanding or in situ hybridization. Probes for whole human chromosomes (all chromosomes except Nos. 12 and 19; Cambio-Adgenix, France) were hybridized according to the supplier's instructions, and observed with a fluorescent microscope (ZOO-FISH). The probe for the p53 gene was a cDNA probe based on ATCC No. 57254.
In vivo studies
Hepatocytes were transplanted as follows: Rag2gammacÀ/À mice deficient in T, B lymphoid cells and in NK cells were given two intraperitoneal injections (30 mg/kg each) of RS (Sigma, USA), 2 weeks apart. At 2 weeks after the last injection of RS, each animal received 1 Â 10 6 IPFLS cells via portal vein infusion. At 2 weeks after transplantation, the mice were hepatectomized. Control groups received retrorsine alone. Five animals were biopsied 5 weeks after transplantation and killed 9 weeks after transplantation.
Construction of the retroviral vector Cre-ER T2 and recombinant retrovirus-producing clones
To construct the retroviral plasmid Cre-ER T2 , the sequence coding for Cre-ER T2 (a 2.1-kb sequence) was purified after EcoRI digestion of pCre-ER T2 (kindly provided by Dr D Metzger, INSERM U184, Strasbourg, France). The sequence was then cloned into the Mo-MLV-derived retroviral backbone SSR 166 (gift from Dr P Leboulch).
The amphotropic helper cell line AM12 (gift from Dr P Leboulch, MIT, USA) was transfected with the retroviral plasmid by the calcium phosphate precipitation method. At 4 h before transfection, fresh medium was added to cells seeded at 20% confluence the day before. The Cre-ER T2 retroviral plasmid (10 mg) and a selection plasmid (10 ng) carrying the neo R gene were mixed together with 500 ml HBS buffer (pH7.4) and 40 ml of 2 M CaCl 2 . After 20 min at room temperature, this mixture was added to the cells and left overnight in a 5% CO 2 atmosphere. The next day, cells were washed with PBS buffer and fresh medium was added. At confluency, transfected cells were split (1 : 15) and cultured for 3 weeks in medium containing 0.7 mg/ml of G418 (Invitrogen, Cergy Pontoise, France) for selection. A clone was isolated with a titre of 1 Â 10 6 pfu/ml.
